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which is more robust to dealing with missing data, outliers, and theoretical constraints than 48 traditional biometric methods. Both additive and non-additive effects significantly influenced 49 shoot traits, with non-additive effects playing a larger role early in the growing season, when 50 weed control is most critical. Results suggest that early season canopy growth and root size 51 express hybrid vigor and can be improved through reciprocal recurrent selection. 52
INTRODUCTION 66
Carrots are the 7 th most consumed fresh vegetable in the United States, with an annual 67 per capita consumption of 3.9 kg (USDA-ERS 2016) and a production value of $762 million 68 USD in 2015 (USDA-NASS 2016). In the US, the high alpha-and beta-carotene content in 69 carrots is the leading source of dietary provitamin A (Block 1994 ; Simon et al. 2009 ), which is 70 essential for healthy immune function, vision, reproduction, and cellular communication 71 closure (Rubatzky et al. 1999 ). This growth habit, coupled with thin, highly segmented leaf 75 laminae, competes ineffectively with weeds for nutrients, water, and light, resulting in yield 76 losses caused by reductions in root size and marketability (Bellinder et al. 1997; Bell et al. 2000) . 77
Furthermore, in a survey of weed competitiveness in 25 crops, carrot had the largest reduction in 78 yield under weed pressure (van Heemst 1985) . 79
To limit yield loss, carrots have an extended critical weed-free period ranging from three 80 to six weeks, during which chemical and hand weeding are necessary (Swanton et al. 2010) . 81
Hand weeding, while effective, is disruptive to plant growth and requires intensive labor, with 82 estimated costs exceeding $4000 USD/ha (Bell et al. 2000) . For organic systems, which 83 constitute 14.4% of carrot acreage in the US (USDA-ERS 2016), hand weeding is typically the 84 primary method of weed management. Even in conventional systems, few herbicides are labeled 85 for carrots and can only be applied when plants reach a threshold height (e.g. linuron) or have 86 five to six true leaves (e.g. metribuzin), by which point weeds have exceeded control stages 87 (Bellinder et al. 1997 ). 88
Cultivars with increased weed competitiveness offer a low cost, nonchemical, and 89 sustainable addition to an integrated weed management program (Pérez de Vida et al. 2006; 90 McDonald and Gill 2009). Improved competitive ability has been linked to traits that increase 91 resource allocation, such as height and biomass accumulation, in other densely planted crops 92 such as maize ( solution for weed management, it is unknown how these traits are inherited in carrot or how they 96 influence marketability (e.g. root biomass accumulation). 97
The diallel mating design, which consists of pairwise combinations among a group of 98 inbred parents, is a classical breeding approach to identify informative testers, select desirable 99 hybrid combinations, and to determine the primary genetic control for complex traits (Hayman 100 1954a; Hayman 1954b; Gardner and Eberhart 1966). First introduced to plant breeding by 101 Sprague and Tatum in 1942, the relationships generated in a diallel crossing scheme allow 102 estimation of general (GCA) and specific combining abilities (SCA), which correspond to the 103 proportion of additive and non-additive genetic variation, respectively (Sprague and Tatum 1942; 104 Hayman 1954a; Hayman 1954b; Griffing 1956a; Griffing 1956b). However, the diallel mating 105 design is underutilized in genetic studies due to resource constraints, the complexity of the 106 analysis, and untenable assumptions (e.g. no epistasis; independent distribution of genes among 107 parents) (Baker 1978) . These challenges often lead to misinterpretation of the estimates obtained 108 from diallel analysis and have been the subject of much debate in the literature (Baker 1978; 109 Hallauer and Miranda 1981; Christie and Shattuck 1992) . 110
Several methods of diallel analysis have been described, of which the methodology 111 proposed by Griffing (1956a) is one of the most common. This method estimates the significance 112 of GCA, SCA, and reciprocal cross effects using a general linear model approach and can be 113 modified to test interactions of main effects across environments (Lin et al. 1977; Zhang and 114 Kang 1997). However, these traditional methods are not robust in addressing common issues 115 encountered in field experiments, such as missing data, imbalance, and outliers. Missing data for 116 a single cross is often addressed by list-or pair-wise deletion, thereby substantially reducing the 117 number of observations and power of the analysis. 118
The challenges of missing data and theoretical ambiguity have been addressed by the 119 development of Bayesian methods for diallel analysis, which improve biological interpretability 120 and expand the types of questions that can be addressed (Greenberg et al. 2010; Lenarcic et al. 121 2012) . In this study, we used the methodologies developed by Griffing (1956a) and by Lenarcic 122 et al. (2012) to elucidate the relative importance of genetic parameters for shoot growth in 123 carrots. The primary goals of this work were (1) to estimate the inheritance of shoot growth in 124 carrots as a resource to inform selection strategies, identify useful testers, and assess hybrid 125 performance and (2) to present an applied framework for the analysis of multiple environment 126 data using advanced multiple imputation and Bayesian methods. 127 recorded separately for both shoot and root tissue. For dry biomass, samples were dried at 60°C 143 in a forced-draft oven until reaching a constant weight. A natural log transformation, ln(x), was 144 applied to biomass measurements to make the data distribution symmetric and stabilize the 145 variance. 146 147
128

MATERIALS AND METHODS
Statistical Analyses 148
Diallel data for each phenotype was analyzed using two complementary approaches: a 149 traditional analysis after Griffing (1956a), which, owing to its requirement that data is complete 150 and balanced, was combined here with a multiple imputation procedure; and the recent Bayesian ) and SCA (<= 0>? − <= @AABA ), where C is the number of parental lines 181 (Baker 1978) . Values close to unity suggest higher predictability based solely on GCA. Mean 182 squares and approximate F-tests were pooled following the method proposed by Raghunathan 183 and Dong (2011, unpublished manuscript) ( Table S1 ). Estimates for GCA, SCA, and reciprocal 184 effects were combined according to Rubin's rules (Rubin 1987) proposed the diallel variance projection (VarP). This approach uses the posterior predictive 218 distribution of effects from BayesDiallel to simulate future, complete, perfectly balanced diallels 219 of the same parental lines. In each simulated dataset, the contribution of each inheritance class 220 (additive, inbreeding, etc.) is then calculated as its sum of squares (SS) divided by the total 221 phenotype SS. The resulting proportion, the VarP, is similar to the traditional heritability of 222 Mather and Jinks (1982) and Lynch and Walsh (1998) but with two important differences: 1) it is 223 explicitly prospective, in that it seeks to describe how much additive effects, say, would impact a 224 future experiment; and 2) its estimation is more precise, since it is calculated as a function 225 primarily of the effects parameters (e.g. L _ , L 8 , … , L z ), which are well informed by the data, 
Imputation of missing data 235
There was a high incidence of missing data due to variation in seed production and 236 disease pressure (Table 1, Figure S3 ). A large proportion of missing data occurred in the 237 WI2015 environment, which was subject to severe infestation by Alternaria leaf blight, a fungal 238 pathogen that causes leaf necrosis and plant death in carrots (Pryor and Strandberg 2001) . 239
Distributions of imputed data matched those expected from observed data when accounting for 240 environmental variation (Figures S5-6) . 241 242
Additive and non-additive gene action contributed to observed phenotypes 243
Most phenotypes were positively correlated and significant at a=0.001, with the 244 exception of the ratio for shoot:root biomass with both canopy height and width at 80 DAP 245 ( Figure 2) . Griffing's analysis revealed significant genotypic differences for all phenotypes 246 (Table 2) , which are reflected in posterior predicted means from BayesDiallel (Figure 3 a, 
b; 247
Figures S7-12). For all traits, both GCA and SCA contributed significantly to the observed 248 genotypic variation, suggesting that both additive and non-additive effects are important. The 249 ratio of GCA to SCA varied for each trait but was less than one for all phenotypes except 250 shoot:root ratio, indicating a more prominent role of non-additive gene action for most traits 251 ( Table 2 ). This is reaffirmed by the results from BayesDiallel, in which the highest posterior 252 density intervals for inbreeding effects were greater and more dispersed than for additive effects 253 (Figure 3 c, d; Figures S13-19) . 254 255
Inbreeding effects differed across genetic backgrounds 256
Results from Griffing's analysis indicated that the observed phenotypes, with the 257 exception of shoot:root ratio, were largely under non-additive genetic control ( Table 2) , which is 258 also reflected in the posterior predicted means and highest posterior density intervals from 259
BayesDiallel (Figures S7-19) . These effects are illustrated by canopy height at 130 DAP, for 260 which inbred lines were an average of 8.4 cm shorter than their hybrid counterparts (overall 261 inbreeding, S ":|A}~, in Figure 3) . Additionally, the intensity of inbreeding also varied across 262 genetic background (Figure 3, Figures S13-19 ). Relative to heterozygotes, line L6038 had a 263 minimal net reduction in canopy height of 3.0 cm (S ":|A}~+ M #[_] ), while line B7262 had a net 264 22 cm reduction in canopy height (S ":|A}~+ M #[] ) (Figure 3) . 265
Identification of superior parents, hybrids, and testers for applied breeding 266
GCA estimates were compared to determine the relative performance of each parent 267 (Table 3) GCA estimates largely agree with the results from BayesDiallel, which provided similar 276 rankings based on posterior predicted means (Figure 3 a, b; Figures S7-12 ) and HPD intervals 277 ( Fig. 3 c, d; Figures S13-19 ). For canopy height (130 DAP), hybrids with parents L6038 and 278 L7750 were, on average, about 6.5 cm shorter, while hybrids with parents P6139 and B7262 279 were an average of 5.0 cm taller. (Figure 3) . The observed and posterior predicted means for 280 canopy height (130 DAP) also demonstrate relatively higher values for hybrids with parents 281 P6139 and B7262, as well as lower values for hybrids containing parents L6038 and L7550 282 (Figure 3 a, b) . 283 SCA effects were identified as crosses that performed better or worse than expected 284 based on the GCA values of the contributing parents (Table 4) . Hybrid Nbh2189 x P6139 had 285 high SCA for both height and width (80 and 130 DAP). For shoot biomass, the largest SCA was 286 observed in hybrid Nbh2189 x B7262. Hybrids with high SCA for root biomass included L7550 287
x B7262, P0159 x Nbh2189, and Nbh2189 x B7262. No significant positive effects were 288 observed for shoot:root ratio. Line Nbh2189 was the most discriminating parent in hybrid 289 combination for all phenotypes except root biomass, suggesting it can serve as a valuable tester 290 for shoot growth in applied breeding. 291 292
Non-genetic factors and interactions influenced observed variation 293
Highly significant reciprocal effects were detected for all traits in Griffing's analysis 294 (Table 2 ), suggesting parent-of-origin influences phenotypic expression. For increasing height 295 and width (80 and 130 DAP), lines L6038 and P0159 tended to perform best as female parents 296 and lines L7550 and B7262 tended to perform best as male parents. Significant increases were 297 also observed for shoot biomass, root biomass, and shoot:root ratio when line L7550 was used as 298 a female parent and when lines P0159 and Nbh2189 were used as male parents. 299
Genotype by environment interaction (GxE) was significant for canopy height (80 and 300 130 DAP), shoot biomass (fresh and dry), and shoot:root ratio ( Table 2) ranked consistently negative across environments for parents L6038 and L7550 (Figure 4) . 305
Parent Nbh2189 had positive GCA in all environments, but effects were only significant for the 306 CA2015 and CA2016 locations ( Table S2 ). In general, relative rankings for parents remained 307 consistent across environments, but the ability to distinguish significant effects was diminished 308 in the WI2015 environment. The performance of parents P0159 and B7262 was notably 309 inconsistent and fluctuated between negative and positive values of GCA (Figure 4) . SCAxE 310 interactions were significant for height (80 DAP), shoot biomass, and shoot:root ratio, but it was 311 still possible to identify consistently high performing hybrids across environments (Table S3) . 312
Similarly, significant ReciprocalxE interactions were observed for canopy height (130 DAP) and 313 fresh shoot biomass (Table S4) 
Primary gene action 345
In this study, we estimated genetic, parent-of-origin, and environmental effects on carrot 346 growth traits for six carrot inbred lines and their combinations in a 6x6 diallel framework. 347
Significant genetic variation contributed to all carrot growth attributes, suggesting that there is 348 potential to improve these traits in carrot. For the parental lines in this study, we observed varying sensitivity to inbreeding, which 355 could be due to genetic divergence and/or differing levels of prior inbreeding (East 1936; 356 Birchler et al. 2003) . This matches expectations based on the biological constraints of 357 outcrossing in carrot, which has putative susceptibility to inbreeding depression (Simon 2000) . 358
Consequently, hybrid vigor was evident for canopy height (80 DAP), canopy width (80 DAP), 359 and root biomass, which had high proportions of non-additive genetic variation and significant 360 estimates of inbreeding, suggesting that causative loci may have heterozygote advantage 361 Accounting for genotype by environment interaction (GxE) is especially important in 379 biennial crops like carrot, as breeding programs rely on winter nurseries to achieve an annual 380 breeding cycle (Simon and Goldman 2007) . We conducted trials in CA and WI, which are two of 381 the leading carrot production regions and representative of common, but contrasting, breeding 382 environments. In general, significant GxE interactions did not affect the ability to identify high 383 and low rankings among parents and hybrids. Thus, we anticipate that environmental differences 384 are important, but should have a minimal impact on selection efforts. 385 386
Source-sink relationships 387
Biomass partitioning between the shoot and root is a major consideration in carrot 388 breeding and has been extensively studied, both in a breeding and an ecological context (Barnes 389 1979; Currah and Thomas 1979; Hole et al. 1983 ; Thomas et al. 1983 ; Hole and Dearman 1991). 390
The ideotype for carrot shoot growth is rapid initial growth that plateaus following canopy 391 closure, simultaneously reducing the critical weed free period and promoting taproot 392 development. Equally important is avoiding growth habits with large, dense canopies, which 393 foster a microclimate that is conducive to the development of foliar diseases (Simon et al. 2008) . between the log transforms of shoot and root biomass (r = 0.69, P<0.001). However, the ratio of 396 shoot:root biomass had a wide range across parents (0.19-0.72), providing evidence that high 397 shoot biomass is not necessary to produce roots with high biomass, and vice versa. 398
Previous work has demonstrated rapid and early acquisition of dry matter in carrot 399 storage roots, with the taproot constituting 42% of the plant dry weight at 67 days after sowing 400 (Benjamin and Wren 1978) . Interestingly, our results demonstrate that canopy height and width 401 at 80 DAP were negatively correlated with the ratio of shoot:root biomass (r = -0.26 and -0.29, 402 respectively, P< 0.001) and positively correlated with root biomass at harvest (r = 0.58 and 0.55, 403 respectively, P<0.001). Conversely, canopy height at harvest (130 DAP) was positively 404 correlated with shoot:root ratio (r = 0.39, P<0.001) and not significantly correlated with root 405 biomass (r = 0.10, P=0.18). This suggests that early shoot growth is important for root biomass 406 accumulation and agrees with previous conclusions that these traits are subject to hybrid vigor. 407 408
Method of analysis 409
When applied appropriately, traditional diallel analysis provides valuable information on 410 combining abilities for parental lines and the underlying gene action for complex traits (Griffing 411 1956a). However, the benefits of diallel mating designs are often overshadowed by practical and 412 theoretical constraints of the analysis. The requirement for complete, balanced data is especially 413 restrictive, particularly in crops with poor seed set and limited availability of inbred lines. In this 414 study, we performed classical evaluation using Griffing's Method I and a modern analysis using 415 a general Bayesian approach (BayesDiallel). Both methods provided similar conclusions 416 regarding primary gene action, parental rankings, and hybrid performance. 417 Although the underlying model is more complex, BayesDiallel provided numerous 418 practical advantages over Griffing's analysis, which are thoroughly discussed by Lenarcic et al 419 (2012) . Of relevance in this experiment was the robustness of BayesDiallel to missing data, 420 which was a substantial challenge when applying Griffing's model and is pervasive in field 421 experiments. For the latter, we chose to address missing data using multiple imputation, which 422 produces a set of plausible values to replace missing information (Rubin 1987 The rise of sustainable agriculture has tasked breeders to develop cultivars with improved 450 weed competitive ability. Using traditional and modern approaches, we analyzed diallel data to 451 describe the quantitative inheritance of previously uncharacterized traits in carrot, which have 452 been demonstrated to confer improved competitive ability in other crops. However, future 453 trialing for weed competitive ability in carrot will be essential to validate the utility of these 454 traits, to determine the underlying mechanism of competitive ability (i.e. tolerance or 455 suppression), and to assess relative fitness costs (e.g. trade-offs with yield). 456
Results from this study support applied breeding efforts for carrot shoot growth in 457 numerous ways, most notably through the quantification of inbred performance, the 458 identification of a useful tester line (Nbh2189), and the assessment of potential hybrid 459 combinations. Furthermore, the detailed characterization of the inbred parents in this study 460 provides a foundation for the development of a multi-parental advanced generation intercross 461 (MAGIC) population in carrot, which will facilitate future in-depth genetic studies (Huang et al. 462 2015) . 463
Lastly, we demonstrate the utility of the BayesDiallel framework for modeling heritable 464 and non-heritable components of carrot phenotypes. This example will make BayesDiallel more 465 accessible as a resource in the plant breeding community to maximize the potential of diallel 466 experiments, especially in under-resourced crops. 467 
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